INTRODUCTION
The last assumption is probably valid a t Mach Num-T HE IMPORTANCE of the lift to drag ratio is well known to all aircraft designers since it gives, to a great extent, the aerodynamic efficiency of the airplane. Aerodynamic efficiency, however, is only one component of the grand compromise that a completed airplane represents. At subsonic speeds, lift-drag ratios of well over 200 have been measured in wind tunnels on airfoil sections; but few powered aircraft have attained ( L / D ) value of 20. It is invariably true that the requirements of stability and control, structure, and flight operation all contribute to reducing the design (L/D),,, considerably below those exotic values which can be predicted from unrestricted aerodynamic theory. If, however, a certain range or operating efficiency is required, there is most certainly a minimum (L/D),,, value for which the goals are just attainable.
If we examine the range equation we see that range is proportional to the lift-drag ratio, the thermopropulsive efficiency, and the logarithm of the initial to final weight ratio. The appearance of the lift-drag ratio as a linear factor in the range equation indicates that every attempt should be made to increase (L/D),,,; however, the search for higher (L/D),,, may lead to strange and unorthodox configurations. Most frequently, such configurations are ruled out by the adverse effects of their geometry on the weight ratios. I n the present paper, we will deal with the maximum lift-drag ratio problem for conventional configurations having a wing and a body in close proximity to each other. No attempt will be made to select a particular configuration as being the best. However, the promising direction to go from the aerodynamic view will be stressed with the understanding that the other factors may outweight the aerodynamics.
General Equations
The assumptions of the analysis are as follows: (1) that the skin-friction drag as well as the wave drag due to thickness is independent of angle of attack, (2) that linearized theory is adequate for performance estimates, and (3) that only a small error arises from the simple addition of component wave drag due to thickness.
Presented at the Aerodynamics Session, National Summer Meeting, IAS, Los Angeles, July [8] [9] [10] [11] 1958 bers not too close to unity. The theoretical drag polar for any symmetrical configuration may then be expressed as follows :
where Coo is the drag coefficient a t zero lift and is composed of both wave and friction drag,
is the drag rise factor which is theoretically a constant, and CL is the lift coefficient. For nonsymmetrical (with respect to the lift direction) configurations, the polar is still a parabola bilt is, on the basis of theory, displaced with respect to the origin. When a group of configurations having a common form but varying degrees of asymmetry are considered, a so-called "rubber airplane" drag polar may be obtained in which lift coefficient represents the design state and the polar is symmetric about the vertical axis.
The solution of Eq. (1) for maximum ( L / D ) gives the following simple relation :
which is valid for either the symmetric or the "rubber" asymmetric configuration. Attainment of high (LID),,, values is thus seen to depend on the two factors Coo and (bCD/bCL2). The drag rise factor (BCD -+ dCL2) is primarily affected by the wing selection, whereas the term Coo is influenced by several factorsskin-friction coefficient, wave drag due to volume, and ratio of total wetted area to wing area. The average skin-friction coefficient may be greatly reduced b y obtaining a substantial run of laminar flow. However, experience has proved that laminar flow is extremely difficult to retain a t the high flight Reynolds Numbers without extremely smooth surface construction and continued meticulous maintenance as well as boundarylayer suction. The attainment of laminar flow a t high Reynolds Number on operational aircraft is certainly to be desired, but has so far been an unfulfilled obsession of the aerodynamist. We have therefore resigned ourselves in the present analysis to completely turbulent flow for which the friction coefficient is determined by the Reynolds and Mach Numbers.
With fixed friction coefficient, the fuselage or fuselages should be as close to spherical as the wave drag will allow. Of course, the wave drag a t supersonic speeds is intense, and, hence, our tendency toward spherical shape is persuaded to settle for a fineness ratio of order 1/15. It is important to note that two optimum bodies of revolution having no mutual interference effects produce about 25 per cent more drag than a single optimum body of the same total volume. The point we are leading up to here is that, for given volume requirements, the drag of the fuselage is pretty well fixed, so that the choice of a wing becomes the main problem. The wing not only controls the drag rise factor (bCD/bCL2) but has inputs in CD, by virtue of its own wave drag and its influence on horizontal and vertical control surface size. It is true though that the effects on Coo are secondary with respect to the drag rise factor since the variations in, say wing drag, are only a friction of the total which then appears under a square root sign in the (L/D),,, relation.
Let us turn then to the question of how the drag due to lift can be reduced. It is true that, for uncambered wings having sweepback such that the flow components normal to the leading edge are greater than sonic (supersonic edges), the drag rise factor is inversely proportional to the lift curve slope. Now the lift curve slope of a two-dimensional (infinite aspect ratio) wing is 4 / d~~ -1 and so is it also for all supersonic-edged delta wings. The only way the lift curve slope can be raised is by carving out the rear center of a delta wing, creating an arrow wing and thus increasing the aspect ratio. The greatest gains occur when the leading-edge sweep nears the sonic edge condition. Such high aspect ratio wings are not too attractive, however, because the wave drag tends to become excessive for realistic structural weights. For the supersonic leading-edge condition, there are still some other ways for reducing the drag due to lift.
The first method is to employ a camber (wing warp) which provides a favorable load distribution. This technique has been developed by the methods of linearized theory by Jones, Graham, Ward, and and has led to the idea of a "lower bound" in drag due to lift for a wing of given plan form. The work of Zhilin6 and Germain7 has shown that the gains to be obtained over the drag of a flat wing are maximum a t the sonic edge condition and further that the optimum sonic-edged delta wing theoretically produces a drag due to lift only 11 per cent lower than the flat wing of similar plan form. I n terms of (LID),,, then a 6 per cent increase in (L/D),,, may occur from the camber.
Additional gains may be made by carrying lift on the fuselage (described in reference 8). I n this manner the loading is distributed fore and aft such that the wave drag component of the drag due to lift is reduced. The amount of lift to be carried on the fuselage is limited by the effects of separation and shock formation, so that i t is difficult without a careful experimental study to determine the gains to be realized. I t should a t very least be possible to offset the trim drag by carrying lift on the fuselage.
A second method for reducing drag to lift of supersonic edged wings which has received much attention is the so-called interference method, whereby the wing is situated in the pressure and upwash field of a In much of the published work, it is hard to assess the FOR BODY-WING COMBINATIONS M.3; PBASc-.I; C = 0013 12r f value of the interference effect because of the difficulty in finding a proper configuration for comparison. We have therefore studied a simplified wing-body interaction configuration from which a comparative study is easily made and which included the effects of base pressure and skin friction. The model studied is shown in Fig. 1 . It consists of a sonic-edged delta wing of zero thickness and a parabolic-arc body of revolution, or half-body, as the case may be. For the interference study the half-body is placed under the wing as shown and two parameters are varied in an attempt to obtain a fairly wide variation in the induced pressure distribution under the wing. The fineness ratio of the basic shape was varied as well as the base cutoff point, expressed as a fraction of the basic shape length, I.
Thus, the body shape varied from a full parabola to a cone. Curves are shown for the cases in which the volume was held constant for a given wing area as shown by the curves of constant v2I3/s. A definite maximum in (LID),,, is found for each volume ratio.
Note that each point represents a different body shape. There is a marked effect of the base drag in these results and i t may be argued that some of the base area can be filled by the expanded jet exhaust. This is true for nestled engine packs; however, the duct also removes usable volume, and the computation becomes rather involved. We have, however, computed the effects for no base drag a t all a t M = 3, and a summary of the results is shown in Fig. 2 . A comparison is made here for bodies of similar volume and base area; the Figure is nearly self-explanatory except that the curve labeled symmetrical body-cambered wing represents the case of a symmetrically disposed body on an optimum cambered wing, thus claiming the 6 per cent (LID),,, increase mentioned previously. .Note that the (LID),,, values are unrealistic because no drag due to wing volume, jet engine installation, control surfaces, and trim have been included. The lesson to be learned here is that the magnitude of the favorable interference 
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30 1 effect is of the same order as that to be obtained by wing warp, regardless of the base drag. We see then that 6 per cent gain in (L/D),,, is of the order of the increase to be anticipated from sonic-edged wings by the use of camber or interference effects. The authors feel that the gains theoretically obtainable by the use of interference or camber are not additive, since in each case the gain would appear to arise from the attainment of a more nearly ideal load distribution.
The linear theory indicates that rather large reductions in drag due to lift as well as wave drag due to thickness should be obtained by use of sweptback wings with subsonic leading edges. This result has been known for some time due to the research of R . T . Jones12 and others.13* l4 For flat wings the theory predicts a favorable leading-edge thrust which unfortunately is rarely found to any appreciable extent in the experimental results. For this reason the flat swept wings lose much of the predicted drag-reduction. In cases where the trouble is associated with leadingedge separation, tests have shown that conical camber or leading-edge camber has allowed some of the theoretical performance to be r e c a p t~r e d . '~? l5 Recently, however, work by various investigators previously mentioned has shown that, by optimizing the wing load distribution, a camber surface is obtained which requires no leading-edge suction a t all and yields theoretical drag due to lift values slightly below those of the flat wing with full leading-edge suction. The results of such theorizing are shown in Fig. 3 . Here the cambered wing values represent results obtained by superposition and optimization of 5 lift loadings. The improvement over the flat wings is small, but the important thing to remember is that no leading-edge suction is demanded.
Various techniques for calculating the optimum have recently a p~e a r e d .~. 16* l7 It will be noted that these methods have in common the assumptions of linear theory; they differ considerably in method but should obtain the same drag values and wing camber surfaces. The Figure clearly indicates the large gains theoretically available by the use of high aspect ratio wings with subsonic leading edges. For example, the arrow wing with a 40 per cent cutout a t a value of /3 cot A = 0.5 theoretically provides a 39 per cent reduction in drag due to lift over a flat sonic-edged delta wing.
We come now to the question of the theory's validity. The linear theory applied to swept wings has in i t the assumption of constant Mach angle. T h a t is, all disturbances can propagate as far forward as the fixed Mach cone originating a t the disturbance. I n reality the local Mach lines may vary widely in their inclination to the free-stream direction. The terms subsonic and supersonic edges derive from the idea of fixed Mach angles, and the nature of flow development around a leading edge depends uniquely on this assumption. I n the real flow the character of the local Mach lines is determined by the pressure and flow direction such that on a so-called subsonic edge the local Mach lines may lie behind the edge. In this case, the local flow component normal to the leading-edge line is larger than the local sonic speed and the wing is effectively in a transonic flow field even though the free-stream Mach Number is far above one. Although the nonlinear equations of motion cannot yet be handled, it is clear that when the local flow becomes "transonic" the pressure development on a wing will deviate markedly from that predicted from linear theory. Since an "optimum" wing camber surface requires a careful balancing of wing slope and pressure, the deviation due to transonic efiects will certainly cause a rapid drag rise similar to that found experimentally on twodimensional cambered airfoil sections as the critical speed was exceeded. I t is possible to make a crude calculation of the onset of "transonic" flow over sweptwing leading edges by using the local pressure coefficient on the wing upper surface and the local flow inclination computed from simple sweepback theory. We then find a critical Mach Number, which is a function of the sweep angle, the pressure loading a t the leading edge, and the airfoil section. A plot of this relationship is shown in Fig. 4 for the case of uniform load. Optimum loadings or flat wing loadings increase the negative pressure on the leading edge and hence tend to reduce the critical Mach Numbers from those shown.
The Figure shows that rather large sweep angles are required a t Mach 2 or above if a subsonic type of flow is to be maintained over the wings. We note that a t ill = 3 approximately 80" of sweep is required just for the case of uniform load a t design CL of 0.1. There is an important effect of leading-edge profile, and it would appear that gains may be expected from the use of sharp-edged airfoils. A recent test has shown that a severe penalty may be incurred for exceeding the critical Mach Number. Fig. 5 shows a cambered arrow-type wing having 75" of sweep and designed for nearly optimum drag due to lift a t M = 3. The theoretical drag rise factor is 0.44, but in test i t produced over 0.7. The high drag is most probably caused by the large deviation of the actual upper surface pressure distribution from that of the predicted one which was a linear variation. The small dashed lines on the pressure plots show the pressure coefficient a t which sonic normal velocity component is reached. Clearly the flow is well into the transonic range. The overexpansion produces shock waves on the upper surface which are inclined to the free stream a t angles less than the leading-edge angle. The shock system produces a boundary-layer separation in the cross flow which can be seen in Fig. 6 . This photograph, taken in the Langley Unitary Plan Wind Tunnel, shows the half wing in the tunnel with flow from left to right. The flow is attached to the upper surface up to the first white line; thereafter the flow separates and rolls up into a flat vortex.
Unfortunately, we cannot show any conclusive evidence that cambered wings which are kept below their critical speed produce the optimum drag rise factors predicted by theory. However, tests of a 68"
sweptback delta wing cambered for uniform load at angles have been pointed out and a new supersonic M = 1.62 (see reference 13), have indicated a laminar range critical speed has been stressed. flow on the upper surface free from separation from leading to trailing edge. The flow over the wing was judged REFERENCES --to be well below critical conditions.
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The conclusion to be drawn from this discussion is design pressure gradients in the cross-flow direction and the magnitude of the trailing-edge pressure discontinuity to be sure that the boundary layer is not too close to separation. These checks on the boundary- To summarize the foregoing discussion, we have attempted to show that high aspect ratio sweptback wings still offer the best hope for substantial reductions in drag due to lift. Sweptback wings which are cambered and twisted for optimum loading have been shown theoretically to provide, without leading-edge suction, a drag due to lift slightly lower than flat wings with full leading-edge suction. Finally some real flow limitations to the pressure loadings and sweepback
